Abstract
Introduction
Surfaces and thin films can be sensitively characterized by optical excitation and detection of their optical eigenmodes. The electromagnetic field which accompanies these surface modes is concentrated closely to the surface, which results in a high fieId strength and thus a high sensitivity of the surface mode phase velocity on the physics of the system in which they propagate. This has been utilized for many years in attenuated total reflectance (Am) spectroscopy of a large variety of physical systems, ranging from metd surfaces [ 1-61 and dielectric films [7- In general, ATR spectroscopy proceeds as follows [18] . A monochromatic light beam illuminates the system to be investigated, using a suitable coupling device ( a prism or grating, see below). Every optical surface mode of the system has a characteristic dispersion and thus a characteristic wave number at the frequency of the incoming light. When the in-plane wave number of the incoming light matches the wave number of the surface mode, the latter is strongly excited at expense of the reflected intensity. One thus obtains dips in the reflected intensity at particular angles of incidence, each of which corresponds to a surface mode.
The (approximately) Lorentzian shape of the individual dips can be understood in terms of an interference between two possibilities for the photon to be reflected from the the system under consideration. Either the photon is 'directly' reflected by the discontinuity or it is converted into a virtual surface mode quantum which then decays back into a photon leaving the surface. This picture leads to the following expression for the complex reflectivity amplitude [ 
Experiment
For the purpose of the present paper, it is important to note that each surface mode can be excited only by light of a particular linear polarization state (either s or p). Consequently, the photons of the polarization which couples to the surface mode under consideration experience the attenuation and phase shift discussed above, while the photons of the other polarization remain unaffected. This offers the opportunity of using the latter as a reference beam in order to detect the phase shift with each other and how the phase information can be extracted from the image.
The principle of operation is to ill urninate the sample with a well characterized mixture of s and p polarized light and to detect the state of poIarization of the reflected light in the vicinity of a surface mode resonance. This can be done using the setup depicted in Fig. 2 . After being expanded and spatially filtered, the laser beam passes a half wave plate (HRT) which serves for adjusting the relative initensity of the s and p radiation without affecting their relative phase. The prism is used to couple the beam to the sample. After being reflected from the sample, the beam passes a Soleil-Babinet compensator ( SBC) which induces an adjustable phase shift between the s and p wave. Finafly, an analyzer which is at 45 degrees with respect to the plane of incidence projects the electric fields of both waves onto the same direction in order to make them interfere utith each other. Only when the s and p wave, after reflection from the sample, have equal amplitude and a relative phase equal to T , the projection of the electric field onto the analyzer direction will vanish and the radiation will be completely blocked. A slight change in the relative phase will give rise to a finite intensity passing the analyzw.
Results and discussion
To demonsmate the phase: measurement, we measured the complex reflecrion amplitude in the vicinity of a surface plasmon resonance on a 51 nm thick gold film. For different angles of incidence, the IfWP and the SBC were adjusted so as to make the mansmitted intensity go to zero. From the set of positions of the HlrW and SBC obtained in this way, the orbit of the complex reflection coefficient can be derived. This is plotted in Fig. 3 , with the p h a e set to zero at resonance. In the course of the orbit, the angle of incidence is changed by approximately 6 degrees. The orbit dfr a t l y resembles the loops in Fig. la , with the difference in shape stemming from the fact that both the s and p wave experience an additional, monotonously changing phase shift as the angle of incidence is vmled, which has been nez'lected in the derivation of the above formula. By comparison with Fig, 1 a, one can see that rrad < rinr in our sample, which could not be judged without the phase information. Making use of this information. one can determine all parameters in Eq. ( 1 ) from the width and minimum reflectivity of the ATR resonance. It should be noted that close to the resonance, the phase of the reflected light changes quite rapidly when the angle of incidence i s changed. This gives rise to anomalously large Gocss-Hanchen effects, which will he elaborated on in a forthcoming paper.
When the SBC is set to a particular phase shift and the reflected light is used for imaging the sarnplc, those, and only those, parts of the sample appear dark which correspond to this phase shift. One thus has a direct phase contrast in the image of the sarnple, which provides additional information about the sample properties. As a demonstration, Fig. 4 shows images of a structure of coloration in a W03 frfm on a silver surface. The film had a thjckness of 340 nm so as TO support an optical TE waveguide mode, which was used for the imaging here. The WOs was photochromically colored by illumination with ultraviolet light through a grating. The resulting structure absorbs onIy weakly, the absorbance of a photochromfcall y colored 340 nm thick film being only a few percent [25,26]. Depending on the positions of the HWP and the SBC, the absorbing parts appear dark Fig. 5a or bright Fig. 5b z ri,,,). This is not always easy to achieve, for instance when different regions of a (structured) sample need different coupling conditions. Furthermore, with the aid of the phase information, the contrast between particular objects of a sample can be selectively hidden while enhancing the connast to others, as shown in Fig. 4c . T h i s might be very usefuI when complex structures such as integrated optical devices are to be imaged.
Furthermore, the method is not limited to the usuaI ATR imaging scheme.
Optically nonlinear films and surfaces are routinely characterized using second harmonic generation 
Conclusions
We have shown how to obtain phase information in surface resonance microscopy. As a demonswation, a subtle structure in the optical properties of a topologicaIly homogeneous system has been imaged, using the various connast effects provided by the technique. Aside fmm the given example concerning the irna~ing of SHG conversion phase, it is to be expected that the reconstruction of the actual sample structure from its images can be improved using the phase information together with appropriate image processing.
